Quantitative analysis of quantum dot dynamics and emission spectra in
  cavity quantum electrodynamics by Madsen, K. H. & Lodahl, P.
ar
X
iv
:1
21
0.
74
19
v2
  [
qu
an
t-p
h]
  4
 D
ec
 20
12
Quantitative analysis of quantum dot dynamics and
emission spectra in cavity quantum electrodynamics
K. H. Madsen1,2 and P. Lodahl2
1DTU Fotonik, Department of Photonics Engineering, Technical University of
Denmark, Ørsteds Plads 343, DK-2800 Kgs. Lyngby, Denmark
2Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100
Copenhagen, Denmark
E-mail: khmadsen@nbi.ku.dk and lodahl@nbi.ku.dk
Abstract. We present detuning-dependent spectral and decay-rate measurements
to study the difference between spectral and dynamical properties of single quantum
dots embedded in micropillar and photonic-crystal cavities. For the micropillar cavity,
the dynamics is well described by the dissipative Jaynes-Cummings model, while
systematic deviations are observed for the emission spectra. The discrepancy for the
spectra is attributed to coupling of other exciton lines to the cavity and interference
of different propagation paths towards the detector of the fields emitted by the
quantum dot. In contrast, quantitative information about the system can readily be
extracted from the dynamical measurements. In the case of photonic crystal cavities
we observe an anti crossing in the spectra when detuning a single quantum dot through
resonance, which is the spectral signature of strong coupling. However, time-resolved
measurements reveal that the actual coupling strength is significantly smaller than
anticipated from the spectral measurements and that the quantum dot is rather weakly
coupled to the cavity. We suggest that the observed Rabi splitting is due to cavity
feeding by other quantum dots and/or multiexcition complexes giving rise to collective
emission effects.
PACS numbers: 78.67.Hc, 42.50.Pq, 42.50.Ct
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Figure 1. Illustration of a QD (yellow point) in a micropillar cavity (left) and an L3
photonic crystal cavity (right) together with sketches of their respective LDOS.
1. Introduction
Cavity quantum electrodynamics (CQED) provides a way of enhancing and controlling
the light-matter interaction between a single emitter and a cavity field and has potential
applications in the field of quantum-information processing. This field was pioneered
for atomic systems where a number of founding experimental demonstrations were
achieved [1] , while scaling these experiments to larger networks required for quantum-
information processing remains a major challenge. Semiconductor quantum dots (QDs)
embedded in nanophotonic structures offer an alternative and promising platform that
currently is in its infancy, but could potentially lead to scalable quantum-information
processing on an optical chip [2] by exploiting the vast potential of semiconductor
technology. Significant progress has been made in the field, where both Purcell
enhancement [3, 4] and strong coupling [5, 6] between a single QD and a nanocavity
have been reported, and most recently non-Markovian dynamics [7] as well as few-photon
non-linearities [8] have been demonstrated.
At a first glance, QDs have many properties in common with atoms, e.g., their
quantized energy levels give rise to single-photon emission. Looking in more details
reveals a number of effects unique to QDs, e.g., the point-dipole approximation may
break down due to the mesoscopic size of QDs [9] and intrinsic exchange-mediated
spin-flip processes can couple various finestructure exciton levels [10]. The proper
understanding of the latter has enabled the use of QDs as probes of the local optical
density of states (LDOS) [11] as well as complete control over the spin state of the
exciton with a single picosecond laser pulse [12]. In addition, the presence of the solid-
state environment leads to new phenomena, such as the creation of a quasi continuum of
exciton states due to the interaction of electrons in the QD with electrons in the wetting
layer [13] or the observation of a phonon-assisted Purcell effect in a cavity, where the
QD decay is stimulated by the exchange of phonons with a reservoir [14, 15].
In this paper, we present a comprehensive study of the dynamical and spectral
properties of CQED systems including a quantitative comparison to theory. We perform
experiments on single QDs embedded either in a micropillar cavity or in a photonic
crystal (PC) cavity. In Fig. 1 both physical systems are illustrated alongside sketches of
3the frequency variation of their respective LDOS. The central region of the micropillar
cavity, where the QD is positioned, is surrounded by Bragg mirrors on each side giving
rise to a symmetrically confined electric field perpendicular to the substrate surface.
While the QD is randomly positioned radially, it is by design always situated at an
antinode of the cavity field ensuring the effective coupling to the cavity. A sketch of the
LDOS is shown in Fig. 1, where the sharp resonance at the cavity frequency reflects the
build-up cavity field sitting on top of a background accounting for coupling to radiation
modes. Figure 1 also shows the PC cavity, where holes are periodically etched in a thin
membrane with the QDs in the center and three holes on a row are not etched, thereby
defining the PC cavity. The small size of the cavity allows for a tight confinement of
light but the light-matter coupling strength is sensitive to the QD position relative to
the antinode of the cavity field. The surrounding periodic structure gives rise to a 2D
photonic band gap [16], which in Fig. 1 is illustrated as the strong suppression of the
LDOS in a wide frequency range, and the cavity resonance is inside the band gap.
In the following we show that while theory predicts well the dynamics of single
QDs tuned in and out of resonance of both micropillar and PC cavities, this is not the
case for the spectral measurements. This discrepancy is attributed to the fact that the
details of the out coupling of the photons from the cavity is not well controlled in the
experiment and mutual interference between different propagation paths is possible. For
the PC cavity we observe an anti crossing in the measured spectra, when tuning the
cavity through a QD resonance, which suggests strong coupling between the QD and
the cavity. We determine the light-matter coupling strength from the observed Rabi
splitting and also from time-resolved measurements of the decay rate and they differ
by more than a factor of 3. Thus the decay rate is found to be significantly slower
than expected from the avoided crossing, which proves that the QD is in fact not in the
strong-coupling regime despite the expectations from the spectral measurements. We
attribute this difference to feeding of the cavity by other QD and multiexcitons that
may give rise to a collective Rabi splitting.
2. Theory
The interaction between a single emitter and a cavity mode can be described with the
dissipative Jaynes-Cummings (JC) model [17]. The QD is assumed to be a two-level
system with an excited state, |e〉, and ground state, |g〉 that are coupled through the
transition dipole moment, deg. The cavity field can either be in a single-photon state |1〉
or in the vacuum state |0〉 since we consider the case with at maximum one excitation
in the system. The Hamiltonian describes the interaction between the emitter and the
electric cavity field and is given by Hˆ = h¯ωqdσˆ+σˆ− + h¯ωcaaˆ
†aˆ+ ih¯g(σˆ−aˆ
† − σˆ+aˆ), where
g is the light-matter interaction strength, σˆ− and σˆ+ (aˆ and aˆ
†) are the annihilation and
creation operators for the emitter (cavity field), and ωqd (ωca) is the QD (cavity field)
4frequency. The master equation is
∂
∂t
ρˆ = − i
h¯
[
Hˆ, ρˆ
]
+ L(γ, σˆ−) + L(κ, aˆ) + L(γdp, σˆz), (1)
where ρˆ is the density matrix for the system. The first term in Eq. (1)
expresses the coherent light-matter interaction, while the latter terms account for
dissipation. Dissipative processes are included using Lindblad terms, L(α, σˆ) =
α
2
(
2σˆρˆσˆ† − {σˆ†σˆ, ρˆ}
)
, where the dissipation acting on operator σˆ has an associated
rate of α [18]. The decay of the emitter into leaky optical modes is described by the
annihilation of an electronic excitation (σˆ−) with a rate γ, while leakage out of the
cavity mode is described by the annihilation of a photon in the cavity field (aˆ) with the
rate κ due to the finite Q-factor, Q = ωca/κ. Finally, decoherence from the solid-state
environment (primarily due to phonons) is included as pure dephasing of the transition
by the operator σˆz = [σˆ+, σˆ−] with the dephasing rate γdp.
From Eq. (1) we obtain the equations governing the dynamics of the system
ρ˙qd = − g(ρpo + ρ∗po)− γρqd,
ρ˙ca = g(ρpo + ρ
∗
po)− κρca, (2)
ρ˙po = g(ρqd − ρca)− (γtot + i∆) ρpo,
where γtot = (κ+ γ + 2γdp)/2, ∆ = ωqd − ωca, ρqd (ρca) is the population of the emitter
(cavity mode), and ρpo is proportional to the polarization. In the weak-coupling regime
the QD decays irreversibly and the polarization can be adiabatically eliminated by
setting ρ˙po = 0, where the decay rate of the QD becomes Γ = γ +2g
2 γtot
γ2tot+∆
2 . When the
light-matter coupling rate is sufficiently large compared to the dissipation, the cavity
system enters the strong-coupling regime where a photon is stored so long in the cavity
that it can be reabsorbed by the emitter. As a result the population of the emitter
undergoes Rabi oscillations. The spectral signature of strong coupling is the anti crossing
of the QD and cavity peak when tuning them into mutual resonance.
Although the QD is often treated as a two-level emitter, the actual electronic
structure is more complicated. The QD excitons predominately recombine radiatively
due to the high quantum efficiency, but non-radiative processes do occur as well [19].
Furthermore, additional exciton states that cannot recombine radiatively (dark-exciton
states) are also populated in the QD and can couple to the radiative states (bright-
exciton states) through a slow spin-flip process [10]. As a consequence, the time-resolved
emission from a single QD under non-resonant excitation is bi-exponential, where the
fast decay rate corresponds to the decay of the bright state, which is the relevant rate
in the present experiments. Finally, an electron confined in the QD can also scatter on
electrons in the wetting layer, thereby giving rise to a quasi continuum of multiexcitonic
states [13]. These states are found to be responsible for the pronounced QD-cavity
coupling observed in spectral measurements even for very large detunings [20, 21].
The total emission spectrum is obtained by the Wiener-Khinchin theorem [22]
according to
Sdet(ω) =
2
pi
Re
[∫ ∞
0
dτei(ω−ωqd)τ
∫ ∞
0
dt′〈Eˆ(−)det (t′ + τ)Eˆ(+)det (t′)〉
]
, (3)
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Figure 2. Experimental setup used for measuring spectra and decay curves. The
micropillar or PC cavity is placed in a He flow cryostat capable of cooling down to
temperatures of 4.2 K. The micropillar is optically excited under a 15 degree angle
relative to the substrate surface. The emission is collected by an objective (N.A.=0.6),
and after polarization and spatial selection the emission is spectrally resolved by a
spectrometer and sent to a CCD (APD) for spectral (dynamical) measurements. For
measurements on the PC cavity excitation is vertical and a dichroic mirror is inserted
above the microscope for separating the excitation laser from the emission. On the left
a sketch of the micropillar cavity is shown together with illustrations of the primary
leak directions for the cavity field (spectrum Sca) and QD field (spectrum Sqd).
where Eˆ
(+)
det (Eˆ
(−)
det ) is the positive (negative) frequency part of the electric field that
reaches the detector. This field is related to the emitter and cavity field operator
through, Eˆ
(+)
det (t) = ηca
√
κaˆ(t) + ηqd
√
γσˆ−(t), where we neglect any time retardation
between the emitter and cavity operators, which is usually a good approximation in
nanophotonics cavities. The coefficients ηca and ηqd are complex coefficients that describe
the collection efficiencies of the cavity and QD electric field, respectively, and their
relative phase. The quantum regression theorem in differential form [23] states that
the two-time expectation values in Eq. (3) (e.g., 〈aˆ†(t′ + τ)aˆ(t′)〉) has the same time
evolution as the corresponding one-time expectation value (〈aˆ†(t′ + τ)〉). We can then
express the total emitted spectrum as
Sdet(ω) = Re
(
|ηca|2Sca + |ηqd|2Sqd + ηcaη∗qdSqd,ca + η∗caηqdS∗qd,ca
)
, (4)
where the two first terms are the cavity and QD spectra while the latter two terms
account for the interference between the cavity and QD electric fields. These interference
terms are usually neglected in the literature, but are expected to play a pronounced role
if the details of the emission spectra should be reproduced. In Fig. 2 a micropillar
cavity is illustrated, and the cavity and QD spectra are drawn schematically to indicate
that the cavity field is expected to predominately leak out of the top of the micropillar,
while the QD field should leak predominantly in the radial direction. Nonetheless in an
experiment it is not likely that the two contributions can be fully separated leading to
interference, and in PC cavities the interference is expected to be even more pronounced.
63. Micropillar Cavities
The micropillar cavity has a height of ∼ 9 µm, a diameter of 1.7 µm, and consists of
alternating GaAs and AlAs layers surrounding a central GaAs cavity that contains a
low density of self-assembled InAs QDs (60− 90 µm−2) [24]. The sample is placed in a
He flow cryostat and optically excited from the side with a beam that has a 15 degrees
angle of incidence relative to the substrate surface, cf. Fig. 2, which enables an efficient
separation of the emission from the sample and the excitation beam. The emission from
the micropillar is collected using a microscope objective (N.A. = 0.6), and with a half-
wave plate (λ/2) and a polarizing beam splitter (PBS) a single polarization component
is selected. Spatial filtering is performed by coupling into a single mode polarization
maintaining (PM) fiber, and a spectrometer resolves the frequency components of the
emission. In the spectral measurements, the emitted light is imaged onto a CCD camera,
while for time-resolved measurements it is directed through a slit that singles out a
narrow frequency band and on to an avalanche photodiode (APD). The QD is excited
using 3 ps long pulses from a Ti:Sapph. laser and in order to selectively excite only the
QD of interest we tune the excitation wavelength of the laser into resonance with the
p-shell of the QD. This enables us to strongly suppress the emission from other QDs
and autocorrelation measurements verify that we detect emission from a single QD.
We systematically vary the detuning by controlling temperature, and both the
spectrum and decay curve of the QD emission are recorded versus detuning. In Fig. 3(a)
the spectra for a few selected detunings are presented, and a clear crossing of the QD
and cavity mode is observed at resonance indicating that the cavity is not in the strong-
coupling regime. We note that the cavity intensity relative to the QD intensity is
strongly asymmetric with respect to detuning. The Q-factor can be extracted from
spectral measurements by using strong above-band excitation to ensure that the QDs
are saturated and the cavity spectrum is recorded. After deconvoluting with the
spectrometer instrument-response function (IRF) we find Q = 12200 corresponding
to h¯κ = 110 µeV. In Fig. 3(b) we present the mean decay rate versus detuning
obtained from the measured decay curves [7], where we use a spectrometer to filter out
a narrow region around the QD frequency. In the present experiment the cavity is in an
intermediate-coupling regime close to strong coupling where the dynamics deviates from
the exponential decay, which is the signature of non-Markovian coupling to a radiative
reservoir. As a consequence we extract the mean decay rate directly from the decay
curves, which is the inverse of the of the mean decay time. A very pronounced Purcell
enhancement within a frequency range that is limited by the Q of the cavity is displayed
in Fig. 3(b). The data can be compared quantitatively to theory without any adjustable
parameters after independently determining all the governing parameters: From decay-
rate measurements at a large detuning the QD decay rate to leaky modes is determined,
h¯γ = 1.3 µeV and a Hong-Ou-Mandel interferometer [25] enables determining a pure
dephasing rate of h¯γdp = 6.3 µeV at T = 16.3 K. The fastest observed average decay
rate is Γ = 17.7 ns−1 at h¯∆ = 17 µeV, which in combination with the values for
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Figure 3. a) The measured spectra (red circles) for a QD in a micropillar cavity for
various values of the detuning that is controlled through the temperature T . The blue
line is the corresponding theory without any free fitting parameters, as explained in
the text. b) Measured mean decay rate (red circles) as a function of detuning with a
comparison to the theoretical predictions (blue line). These decay rate data have been
published previously in Ref. [7] .
γ, κ, and γdp, allows us to extract the coupling strength h¯g = 22.6 µeV. Using these
parameters the calculated mean decay rate is observed to be in excellent agreement with
the experimental data, cf. Fig. 3(b), clearly illustrating that a complete quantitative
understanding of the dynamics is found without the need for any adjustable parameters.
We now perform a similar comparison between experiment and theory for the
spectral measurements. As explained earlier, the full spectrum in Eq. (4) has several
contributions, but the individual prefactors are undetermined and we will assume ηqd = 0
since the cavity spectrum is expected to be dominating in the micropillar geometry. At
resonance (∆ = 0), we also perform a Hanbury Brown-Twiss measurement and record
an autocorrelation of g(2)(0) = 34.5%, which indicates additional feeding of the cavity
from other QDs and multiexcitons [13]. As a result, the background contribution to the
cavity spectrum will by assuming a thermal distribution constitute the fraction g
(2)(0)
2−g(2)(0)
,
which in our values can be evaluated to be 20.8%. We include this contribution in the
calculated spectra by adding an inhomogeneous background of 20.8% to the cavity. In
Fig. 3(a) the calculated spectra are shown where the experimental parameters from the
time-resolved measurements are employed and each spectrum has been convoluted with
the measured IRF and normalized to the QD peak. We observe that the calculated
8spectra consistently underestimate the cavity intensity. This disagreement pinpoints
that the asymmetry in the measured relative QD-cavity intensity cannot be reproduced
by the theory. Indeed a number of effects are not included in the theory that do
influence spectral measurements as opposed to the dynamical measurements. Thus,
the inability to include the additional interference terms between the QD and cavity
emissions in Eq. (4) will influence the comparison in particular because the coefficients
ηca and ηqd are likely to be detuning dependent. We note that even if we include
these coefficients as free parameters, the agreement between calculated and measured
spectra is still very poor. Furthermore, feeding from other excitons is known to
increase the intensity of the cavity even when they are detuned far away. Finally,
the time-resolved measurements, including Hanbury Brown-Twiss and Hong-Ou-Mandel
measurements, probe the dynamics and coherence at short timescales (∼ ns) while the
spectra are integrated over a much longer timescale (∼ s). This implies that spectral
measurements are sensitive to slow dephasing mechanisms, e.g., spectral diffusion, which
could give rise to additional broadening compared to dynamical measurements. These
complications lead to the conclusion that quantitative information about the QD-based
cavity QED system is favorably extracted from time-resolved measurements rather than
in the spectral domain, where systematic deviations between experiment and theory are
generally observed.
4. Photonic Crystal Cavities
For comparison, we have performed a similar study for a single QD tuned through a
PC cavity. We investigate a GaAs PC membrane with lattice constant a = 240 nm,
hole radius r = 65 nm, and a width of 154 nm, where a layer of self-assembled InAs
QDs has been grown in the middle of the membrane with a density of ∼ 80 µm−2.
We introduce an L3 cavity by leaving out three holes, and in order to increase the Q-
factor, the first three holes at each end of the cavity are shifted by 0.175a, 0.025a, and
0.175a, respectively [26]. The sample is characterized in the same experimental setup
(see Fig. 2), except that the cavity is excited from the top and a dichroic mirror after
the microscope objective separates the excitation laser from the emission. The pulsed
excitation laser is tuned into resonance with a higher order mode (M6) of the cavity at
850 nm, while we observe the fundamental high-Q mode (M1) at 952 nm. This excitation
scheme allows us to selectively excite QDs that are spatially coupled to the cavity. The
QD emission frequency redshifts with increasing temperature, while the cavity frequency
redshifts when small amounts of nitrogen is deposited on the sample. Utilizing these two
techniques in combination gives a way to control the detuning between the QD and the
cavity mode over a large frequency range. We record Q = 6690 (equal to h¯κ = 195 µeV)
by pumping the QDs into saturation similarly to the measurements described for the
micropillar cavity.
Figure 4(a) shows emission spectra for different values of detuning where the cavity
is tuned through the QD while the temperature is fixed at T= 10 K. The measured
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Figure 4. a)Measured emission spectra (red circles) of a QD tuned through resonance
of a PC cavity by deposition of N2 on the sample while the temperature is kept constant
at T = 10 K. The black line is the fit with two lorentzians after convolution with the
spectrometer IRF. (b-d) The resonance energy, Q-factor, and relative area of the two
peaks, respectively, as a function of detuning. Red lines are the fit of the cavity spectra
from the JC model used to extract the coupling strength. The relative area of, e.g.,
the QD is defined as Aqd/(Aqd+Aca), where Aqd (Aca) is the QD (cavity) area.
spectra are deconvoluted by performing an inverse Fourier transform, divide by the
deconvoluted IRF, and bandpass filtering in order to reduce noise, before finally Fourier
transforming it back into frequency space. The validity of this procedure is carefully
checked by convoluting the deconvoluted spectra with the IRF and comparing it to
the measured spectra. The experimental data can be fitted well by the sum of two
lorentzians, see Fig. 4(a). We stress that in order to obtain a successful fit, the center,
width, and the heights of the lorentzians are free parameters. The limitations to the
quantitative knowledge that can be extracted from the spectra, as was discussed for the
micropillar cavities above, apply also to the case of PC cavities. Here we will focus on
investigating the Rabi splitting that has been widely studied in the literature [5, 6, 20]
and believed to be a robust measure of the coupling of the cavity system.
Figure 4(b-d) show the quantities extracted from modeling the spectra, i.e., the
energy of the two resonances, the associated Q-factors, and the relative area of each of
the peaks. From the peak energies (Fig. 4(b)), we observe the anti-crossing of the cavity
and QD peak when tuned into mutual resonance, which is the spectral signature of
strong coupling. Furthermore, we observe in Fig. 4(c) that the QD linewidth broadens
(Q-factor decreases) and equals the cavity linewidth, which is again a feature found in
the strong-coupling regime where two indistinguishable alternatives exist whether the
10
0.5
1.0
1.3020 1.3025 1.3030
00.
0.5
1.0
(c)
(b)
 
(a) = 15 eV
0 2 4 6
10-3
10-2
10-1
100
IRF
= 0.12 meV
 Time (ns)
N
or
m
al
iz
ed
 In
te
ns
ity
= 4.6 meV
 I
nt
en
si
ty
 (a
rb
. u
ni
ts
)
Energy (eV)
114 eV
Figure 5. a) Measured emission spectrum (red circles) at a detuning of h¯∆ = 15 µeV
together with the double lorentzian fit (black line). b) The deconvoluted double
lorentzian function revealing a Rabi splitting of h¯Ω = 114 µeV. c) Measured decay
curves close to resonance (h¯∆ = 0.12 meV) and far detuned (h¯∆ = 4.6 meV) together
with the fits of the decay curves (red lines). We extract the decay rates 18.5 ns−1 and
0.39 ns−1, respectively. For reference the IRF of the APD is shown.
photon is emitted to the cavity or absorbed by the QD. For large negative detunings,
the Q of the QD resonance is constantly around ∼ 15000, while it rises to about ∼ 25000
for positive detuning, which is likely an effect of the deconvolution process since the QD
linewidth is so narrow that it becomes comparable to the resolution of the spectrometer
(Q= 43500). The cavity Q-factor does not change significantly over the detuning range.
Close to resonance, however, a small increase is observed, but we note that for a strongly-
coupled cavity the Q-factor is expected to almost double. Finally, the relative areas of
the lorentzians are plotted in Fig. 4(d), and we observe that the cavity peak dominates
the spectrum apart from close to resonance, where the areas become similar.
Figure 5(a) displays the emission spectrum recorded almost at resonance (h¯∆ =
15 µeV) together with the double lorentzian fit, and in Fig. 5(b) the fit is decomposed
into the two lorentzians. The two lorentzians have almost same width and area, as also
can be seen from the data in Fig. 4(c-d), which is expected for a system in the strong-
coupling regime. The splitting between the two peaks is h¯Ω = 114 µeV. Assuming that
the splitting originates from a single QD strongly coupled to the cavity, we fit the cavity
spectrum from the JC model [27] to the data using the experimentally measured values
of κ and γ, and a dephasing rate of h¯γdp = 4 µeV [7]. The result is shown in Fig. 4(b)
and we extract a coupling strength of h¯g = 92.4 µeV.
As was described in the section on micropillar cavities, a quantitative measure of
the coupling strength can be obtained from time-resolved measurements thereby testing
the validity of the observed Rabi splitting. Figure 5(c) shows examples of decay curves
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of the QD recorded close to and far from resonance, respectively. A strong Purcell
enhancement of close to 50 is observed for the fast decay rate of the recorded decay
curve. We note that for detunings h¯|∆| < 0.5 meV additional exciton lines feed the
cavity and the decay curves are multiexponential, and we extract the fast rate that
will be dominated by the resonant exciton. Figure 5(c) displays also the IRF of the
APD that is taken into account by convoluting the model with the IRF before fitting
to the measured decay curves. For the largest detuning we observe a decay rate of
0.39 ns−1 and here the coupling to the cavity is negligible so that the background
decay rate associated with coupling to leaky modes is h¯γ = 0.2 µeV. The detuning-
dependent decay rates have been studied in detail in [15], where comparison between
experiment and theory enabled determining the effective phonon density of states. Close
to resonance (h¯∆ = 120 µeV) a decay rate as large as 18.5 ns−1 is observed. We use the
expression for the Purcell factor [28] to conclude that the coupling strength in the PC
cavity is only 3.2% of the maximum achievable value for an emitter positioned optimally
in an antinode of the cavity with aligned dipole moment. For comparison this value is
19% for the reported experiment in micropillars. The pronounced deviations from ideal
coupling could be due to unavoidable imperfections in the nanophotonic cavities that
may influence the local coupling strength, and a systematic study of disorder in PCs
has been reported in [29]. From the data recorded close to resonance we determine the
coupling strength of h¯g = 22 µeV. Surprisingly, the coupling strength determined from
the dynamic measurements is found to be less than one fourth of the value obtained
from the observed Rabi splitting and in fact proves that the cavity is in the weak rather
than the strong-coupling regime. This pronounced discrepancy is another example of the
incompatibility of the information extracted from spectral and dynamical measurements.
In the time-resolved measurements only a narrow spectral region is selected around the
QD line while in the spectral measurements also the influence of other QDs and multi-
exciton transitions feeding the cavity are observed [21, 30]. This has been confirmed
experimentally from measurements of the autocorrelation of the cavity peak where
bunching has been observed despite the fact that the cavity was primarily fed by a
single QD [13]. Thus we suggest that the additional feeding of the cavity gives rise
to collective coupling to the cavity that can significantly increase the Rabi splitting
as predicted theoretically [31]. This mechanism could also potentially explain the
surprisingly large Rabi splitting observed in other strong-coupling experiments that
initially were suggested to be due to a giant oscillator strength of the large QDs [6], but
this explanation was found to be insufficient in detailed measurements of the oscillator
strength [32].
5. Conclusion
We have performed a quantitative comparison between spectral and dynamical
measurements of solid-state cavity QED systems. The dynamics of a single QD in
a micropillar cavity is well described by the JC model, while using the same theory
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and parameters to compute the spectra reveals a large disagreement. The emission
spectrum contains both a cavity and a QD part as well as interference terms between
them, and the lack of detailed microscopic insight into the parameters determining
their mixing limits the quantitative modeling of the experimental data. We have also
presented time-resolved measurements of a QD in a PC cavity and observed pronounced
Purcell enhancement enabling extracting the light-matter coupling strength. From
this analysis the cavity is found to be in the weak-coupling regime, but nonetheless
spectral measurements reveal a clear anti crossing with a pronounced Rabi splitting.
The observed Rabi splitting is likely a consequence of cavity feeding from other QDs
and multiexciton complexes that induce a collective Rabi splitting. Such collective
coupling of more QDs to the same cavity mode has been proposed as a way of creating
a long-lived solid-state quantum memory [31].
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